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The generation of highly collimated electron beams from a double-gate field emitter array with
40000 metallic tips and large collimation gate apertures is reported. Field emission beam
measurements demonstrated the reduction of the beam envelope down to the array size by applying
a negative potential to the on-chip gate electrode for the collimation of individual field emission
beamlets. Owing to the optimized gate structure, the concomitant decrease of the emission current
was minimal, leading to a net enhancement of the current density. Furthermore, a noble gas
conditioning process was successfully applied to the double-gate device to improve the beam
uniformity in-situ with orders of magnitude increase of the active emission area. The results show
that the proposed double-gate field emission cathodes are promising for high current and high
brightness electron beam applications such as free-electron lasers and THz power devices. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4788998]
I. INTRODUCTION
The extremely high brightness of field emission electron
beams has enabled the realization of electron microscopes
with single-atom resolution1 and has stimulated high current
and high current density applications such as free-electron
lasers2,3 and THz vacuum electronic devices.4–7 Field emit-
ters can produce high brightness electron beams via quantum
tunneling by applying a strong electric field in the order of
GV/m to solid surfaces. Such fields can be created by a com-
paratively low potential with the help of the field enhance-
ment at the nanometer-scale tip apexes. The recognition that
the electric field enhancement occurs not only at dc but also
at high frequencies up to nearly optical frequencies has
recently triggered intensive studies ranging from fundamen-
tal physics such as electron dynamics in strong fields8 to
ultrafast electron beam applications for time-resolved elec-
tron diffraction and microscopy,9 potentially down to the
attosecond range.10
Field emitter arrays (FEAs) with on-chip electron
extraction gate electrodes Gext, which combine the electron
emission of thousands to millions of nanotips, have been
explored for high current generation with a wide variety of
materials.7,11–14 To generate high brightness beams with a
small transverse electron velocity spread, however, it is cru-
cial to add an on-chip gate electrode Gcol for the collimation
of individual field emission beamlets. These so-called dou-
ble-gate FEAs have been proposed as high current and high
brightness cathodes15,16 and have been actively studied.17–26
One of the critical obstacles for the realization of high per-
formance double-gate FEAs is the reduction of the emission
current during the beam collimation. Recent developments
show that this can be circumvented by devising the gate
aperture shapes as demonstrated with volcano-shaped
FEAs23 and stacked double-gate device with large Gcol
apertures.24–26
For the practical application of FEAs it is important to
prepare an array with uniform nanotip apex distribution. Due
to the exponential sensitivity of the field emission current on
the electric field at the emitter apexes, even a small non-
uniformity of the emitter tip apex radius of curvature rtip
results in a highly non-uniform beam across the array and
limits the total current, making the requirement for the rtip
uniformity stringent.22 In the case of single-gate FEAs, the
rtip distribution of as-fabricated FEAs can be improved by an
application of high potential switching pulses and blunting
the emitter tips by joule heating27 but at the expense of risk-
ing failure by vacuum arcs. Another promising method is the
bombardment of ions generated by glow-discharge28 or by
electron impact ionization using the field emission cur-
rent.29–32 In particular, an improvement of the beam uni-
formity by in-situ noble gas conditioning for single-gate
molybdenum FEAs was demonstrated recently.32 However,
no study has been reported for the beam uniformity control
of double-gate FEAs.
In this work, we study the beam collimation characteris-
tics and in-situ control of the rtip distribution of a 40 000 tip
double-gate FEAs with large Gcol apertures. The experimen-
tal results demonstrated a substantial reduction of the trans-
verse electron beam spread by Gcol and an improvement of
the beam uniformity by the noble-gas conditioning process.
II. EXPERIMENT & METHODS
A. Double-gate FEA fabrication
The double-gate FEA of pyramidal-shaped molybdenum
nanotips with rtip of 10 nm, Figure 1, was fabricated by a
combination of molding for the preparation of the emitter
arrays, the self-aligned polymer etch-back method for the
Gext fabrication, and an electron beam (e-beam) lithography
a)Electronic mail: patrick.helfenstein@psi.ch.
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process for the Gcol fabrication.
25,26,33–35 The 4 104 emitter
tips were aligned with 10 lm pitch in a circular area meas-
uring 2.26mm in diameter. The gate electrodes consisted of
0.5 lm thick molybdenum films. The FEA and Gext were sep-
arated by a 1.2 lm thick SiO2 layer, whereas Gcol and Gext
were separated by a 1.2 lm thick SiON layer.26 To pattern
the apertures of Gcol, a process using focused ion beam mill-
ing was formally developed for arrays up to 20 20 tips.25,26
This maskless and flexible method is ideal for prototyping
small arrays but difficult to apply to larger FEAs because of
the required milling time of 90 s per aperture. With the
newly developed e-beam process, we successfully prepared
the 4 104 tip FEA having a Gcol aperture diameter of
6.56 0.1 lm, which is a factor of 3 larger than that of the
Gext apertures (2.06 0.1 lm).
35 Patterning the gate apertures
with this ratio was difficult with the polymer-etch back
method but critically important to achieve a high current
density enhancement with a small transverse electron veloc-
ity spread.24–26
B. Field emission experiment
The experiment was conducted in a field emission
microscope, Figure 2, equipped with an electron beam imag-
ing screen (metalized P43 phosphor) and a retractable Fara-
day cup. The FEA was placed 50mm from the screen. A
CCD camera was used to record the beam images which
were subsequently analyzed to evaluate the rms beam radius
Rs and the rms transverse velocity ut.
26 We simultaneously
measured the current Iem through the FEA and the gate cur-
rents Iext and Icol, Figure 2. The net current Inet reaching the
screen was evaluated from the relation (jIemj  Iext  Icol).
The field emission beam was accelerated by a potential of
3 kV applied to the screen. Alternatively, Inet was measured
directly by the Faraday cup biased at 300–500V. The value
of Inet was the same for the two measurements.
In the beam collimation experiment, we simultaneously
varied Vcol and Vem with a fixed ratio kcol (¼Vcol/ Vem) and
recorded the beam images at the largest Vem. The beam was
measured at different collimation strengths by scanning kcol
from 0 to 0.9 in steps of 0.1 and from 0.91 to 1.05 in steps
of 0.01. To restrict the power consumption of the screen, we
limited the maximum Inet to 5 lA.
After inserting the FEA into the field emission micro-
scope, the chamber was evacuated to the base pressure of
5 109 mbar. Then, the FEA was conditioned by scanning
the potential Vem applied to the emitter substrate between 0V
and a negative maximum for several days until the emission
current level became stable.26 During this conditioning phase,
the gate potentials Vext and Vcol were set to ground potential.
We further conditioned the FEA in a low-pressure Ne gas
atmosphere by continuing the Vem scan for 3 h after intro-
ducing neon gas at a pressure of (1–2) 104 mbar into the
chamber. The relation between the Faraday cup current and
Vem was continuously recorded and analyzed.
C. Theoretical modeling of the double-gate FEAs
To analyze the experiment, we created a 3D model of a
single emitter using commercial tools: CST Particle Studio
for the particle tracking simulation and COMSOL Multiphy-
sics for calculating the static electric field at the emitter tip
surface. We assumed an rtip of 10 nm and applied the
Fowler-Nordheim equation at the emitter surface to calculate
the emission current distribution.36 By subsequently integrat-
ing the equation of motion for electrons emitted from the
nanotip surfaces, the beam collimation characteristics under
the influence of the gate potential field were calculated.
III. EXPERIMENTAL RESULTS
A. Electron beam characteristics
Figures 3–5 show the observed electron beam character-
istics of the double-gate FEA. The beam images of Figures
FIG. 1. SEM image of a part of the double-gate FEA with 4 104 molybde-
num emitter tips. The insets show a close up of a single emitter with extrac-
tion ðGextÞ and collimation gate ðGcolÞ aperture openings (left bottom) and
the tip-apex (right top).
FIG. 2. Schematic illustration of the experimental setup. The double-gate
FEA in the field emission microscope generates a collimated electron beam
under the potential voltages Vem, Vext, and Vcol. The currents Iem, Iext, and Icol
were simultaneously monitored to evaluate the current Inet reaching the
screen. Using a retractable Faraday cup (not shown), Inet can be measured
directly.
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3(a)–3(c) show that the increase of kcol from 0 to 0.99 and
1.00 enhanced the beam brightness considerably. Owing to
the large Gcol apertures, more than 30% of the current emit-
ted from the tips was retained at the maximum collimation.26
This resulted in an enhanced current density with the
decrease of Rs  R0, where R0 equal to 0.57 mm is the rms
radius of the FEA. In fact, the I-V characteristics in Figures
5(a) and 5(b) and the variation of Rs  R0 in Figure 4 (open
squares) show that increasing kcol from 0 to 0.99 resulted in a
decrease of Inet from 5.56 0.2 lA to 1.96 0.2 lA, whereas
Rs  R0 decreased from 2.96 0.2mm to 0.16 0.1mm. Since
the beam area decreased more rapidly than Inet, this resulted
in an enhanced beam brightness. The similarity of this result
to the previously reported experiments with FEAs with a
smaller number of tips25,26 demonstrates the capability to
upscale the excellent beam characteristics of 4-400 emitters
up to 4 104 emitters.
The beneficial effect of the large Gcol apertures was also
supported by theory. From the single emitter simulation, we
calculated the beam characteristics for kcol between 0 and
1.05. The simulated I-V characteristics at Vem of 72V and
69V calculated simultaneously with the beam characteris-
tics are shown in Figures 5(c) and 5(d), respectively. The cal-
culated beam collimation characteristics of the single emitter
are shown in Figure 4 for the two Vem values (solid lines).
(We note that the rms source radius of the single emitter
(10 nm) is negligible in this scale). The reproduction of
the experimental values of the shape of the I-V variation and
the beam collimation characteristics as functions of kcol are
excellent.
The comparison of Figures 3(b) and 3(c) with Figures
3(e) and 3(f) shows that the neon gas conditioning improved
the beam uniformity. At approximately the same Inet with a
slightly smaller Vem of 69V, the beam observed after the
gas conditioning exhibited fewer parts with nearly saturated
intensity and increased emission around the center of the
beam, whereas the Rs  R0 versus kcol relation was approxi-
mately the same. The I-V characteristics (Figure 5(a))
changed slightly after the neon conditioning (Figure 5(b)).
Interestingly, the shape of the I-V characteristics after the
gas conditioning (Figure 5(b)) resembles that of simulation
more closely. One can ascribe this as a consequence of mak-
ing the rtip distribution more uniform by the neon gas condi-
tioning. The same shape of the two calculated I-V curves at
Vem of 72V and 69V (Figures 5(c) and 5(d), respec-
tively) shows that the difference of Vem in the two experi-
ments is not the source of the different curve shapes.
To quantify the quality of the collimated electron beam,
we evaluated the rms transverse velocity ut evaluated by the
following equation26
Rs  R0
Ls
 2ut
uan
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1þ u
2
0
u2an
s
 u0
uan
 !
: (1)
FIG. 3. Images of field emission beams
generated by the double-gate FEA with
4 104 emitters at different collimation
strength denoted by the ratio kcol
(¼Vcol=Vem). (a)-(c) were observed before
the Ne gas conditioning with Vem of
72V, whereas (d)-(f) were observed
after the Ne gas conditioning with Vem of
69V. The maximum current reaching
the screen at zero kcol was  5 lA for both
cases. All the beams are displayed with
the same intensity scale, highlighting the
large beam brightness enhancement at kcol
of 0.99 and 1.00.
FIG. 4. Variation of Rs with the increase of kcol before and after the neon
conditioning. The rms radius R0 equal to 0.57 mm of the FEA was sub-
tracted from Rs for the experiment. The solid lines show the calculated Rs
versus kcol obtained by the full 3D simulation of a single-emitter at values of
Vem equal to 72 V and 69V. The beam images at kcol equal to 0 and 1.00
at Vem of 69V obtained after the neon gas conditioning are also displayed.
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In above equation, Ls of 50 mm is the distance between the
FEA and the screen, and uan is the longitudinal velocity at
the screen determined by Van of 3 kV as
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2qjVanj=m
p
(q
being the elementary charge and m is the electron rest mass).
u0 is the initial longitudinal velocity defined at a few microns
off the tip surface. At kcol ¼ 0, it is approximately given byﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2qjVemj=m
p
. At kcol close to unity, u0 can be safely
neglected because the electrons are significantly decelerated
by Vcol. Since Van is an order of magnitude larger than Vcol,
we neglected the effect of Vcol.
At zero kcol, from Rs  R0 of 2.96 0.2mm and Eq. (1),
ut as a fraction of the speed of light in vacuum c0 is evaluated
to be (3.76 0.1) 103. At kcol ¼ 0:99 with Rs  R0 equal
to 0.166 0.1mm, ut/c0 is evaluated to be 2.4 104. The
reduction of ut by a factor of 15 is about 1.5 times better
than the previous results obtained from FEAs with a smaller
number of emitters.25,26
We note that a close inspection of the beam images at
kcol of 0.99 and 1.00 in Figure 3, in particular Figures 3(e)
and 3(f), reveals granular spots with a typical rms radius
below 100 lm. This value is approaching the experimental
resolution and is in the same order of magnitude as the calcu-
lated single emitter value. The similarity of these images
with the granular beam images of as-fabricated single-gate
FEAs observed at the acceleration potential of 200 kV using
a pulsed diode gun32,37,38 poses a possibility that individual
beamlets were resolved at the large kcol values in the present
experiment, even though the acceleration potential was only
3 kV and there was no additional focusing element such as a
solenoid. This suggests that the actual minimal value of ut is
smaller than the value evaluated above from the beam enve-
lope. Further experiments concerning the direct measure-
ment of the transverse beam emittance and analysis of the
model at high kcol as a function of high acceleration fields
are needed to establish the actual collimation strength.
B. Emission homogenization by noble gas
conditioning
Finally, we discuss the impact of the neon gas condition-
ing on the emission characteristics. Figure 6(a) shows the
evolution of the relation between Inet and Vem during the con-
ditioning. As a result of 3 h of the neon gas conditioning,
the current at a given Vem increased approximately an order
of magnitude (from scan a to scan c), with Inet reaching
0.14mA at a Vem of 81V in the end.
We analyzed the Inet-Vem relation by fitting with the fol-
lowing function
I ¼ AFN jVemj
BFN
 2
exp
BFN
jVemj
 
: (2)
This assumes the Fowler-Nordheim equation for the single-
tip current Itip with a constant single-tip emission area Stip
FIG. 5. Current-voltage characteristics of
the 40 000 tip FEA measured during the
beam collimation experiment of Figure 3,
(a) before the neon gas conditioning with
Vem of 72V, (b) after the neon gas con-
ditioning with Vem of 69V. The simu-
lated current-voltage characteristics (c)
at Vem of 72V and (d) at Vem of 69V
were obtained together with the calcula-
tion of the Rs  kcol relations displayed
in Figure 4.
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and an electric field F at the emitter tip apex determined by
jVemj36,39–41
Itip ¼ Stip a
t2/
expðbc2=
ﬃﬃﬃ
/
p
ÞF2exp  b/
3=2
F
 !
; (3)
where Stip is the single-tip emission area and F is the electric
field at the emitter tip apex. The constants a, b, c are given
by a¼ 1.541434 106 A eV V2, b¼ 6.830890 eV3=2
Vnm1, and c¼ 1.199985 eV V1=2 nm1=2. / is the work
function (4.5 eV for molybdenum), and t is approximately
equal to 1.36,42 The fitting parameters AFN and BFN are writ-
ten as follows
AFN ¼ NtipStip ab
2/2
t2
expðbc2=
ﬃﬃﬃ
/
p
Þ; (4)
BFN ¼ b/3=2b1; (5)
where Ntip is the number of active emitters and b is the field
enhancement factor (equal to F=jVemj). b is approximately
proportional to ðrtipÞ0:5 for our pyramidal shaped emitters.43
Figure 6(c) summarizes the obtained evolution of AFN
and BFN. At the end of the conditioning in UHV and before
the neon gas was introduced in the chamber, AFN was equal
to 562 A and BFN was equal to 650 V. When the neon gas
was introduced into the chamber, BFN increased to 840V
during the first 10min and remained approximately
unchanged. After the conditioning, AFN increased to 103A.
Referring to Eq. (5), the 30% increase of BFN at the begin-
ning of the neon gas conditioning is ascribed to the increase
of / or the decrease of b via an increase of rtip. The
decreased fraction of extremely bright spots after the condi-
tioning indicates that the conditioning blunted the sharpest
emitters that were already active before, suggesting the
increase of rtip. Since AFN decreases with the increase of /
(see Eq. (4)), the observed increase of AFN by two orders of
magnitude suggests that Ntip increased by the same orders of
magnitude. These conclusions are compatible with the
observed beam uniformity improvement, Figure 3.
The observed effect of the neon conditioning is different
from previously reported experiments. In the glow-discharge
processing of Spindt single-gate FEAs,28 the bombardment
of neon and hydrogen ions generated by glow-discharge on
the FEA decreased BFN but only a small change in AFN
resulted. The well-known finishing procedure of etched-wire
needle-shape field emitters44–46 is similar to our method in
appearance but different in effect: the irradiation of the neon
gas ions created by the impact ionization of the field emitted
electrons to the emitter tip results in sharpening of the tip
down to a few atoms. In contrast, our observation indicates
that the neon gas had blunted the sharp tips while at the same
time activating non-emitting tips. We note that the previous
report on the noble-gas conditioning of single-gate FEAs for
longer time periods increased BFN by more than a factor of 2
together with orders of magnitude increase of AFN. The na-
ture of these different consequences under the different
plasma conditions have not been elucidated yet. Since the
gas processing is a promising method to improve the beam
uniformity and the maximum current, further investigation
on the precise physical origin of the observed effect is an
urgent task and the subject of intense research.
IV. CONCLUSIONS
In summary, we showed the successful fabrication of a
double-gate FEA with 4 104 tips with large Gcol apertures
using e-beam lithography and demonstrated its excellent
electron beam collimation characteristics. By submitting the
FEA to a low pressure neon gas, we were able to increase the
active emission area and to obtain a more homogeneous
beam. The successful reproduction of the experiment by a
full 3D simulation of a single emitter for the beam collima-
tion characteristics and the emission current characteristics
was also shown and demonstrates that it is feasible to use the
established model for further optimization of the gate struc-
ture and to study the beam emission and collimation charac-
teristics under high acceleration electric field.
The collimation of the beam envelope down to the FEA
diameter and the hint of resolving individual emitters at low
(3 keV) acceleration potential show that the rms transverse
velocity was reduced to a significantly low value. To estab-
lish this fact with increased resolution on the beam diagnos-
tics, further investigations including the direct beam
FIG. 6. (a) Evolution of the emission current-voltage characteristics during
the conditioning. (b) Fowler-Nordheim plot of the I-Vs shown in (a). (c) The
evolution of the Fowler-Nordheim fitting parameters AFN and BFN in UHV
and during the neon gas conditioning.
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emittance measurement using the DC gun test-stand47,48 and
experiments with single-emitters are under way.
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